Introduction
Multiphase meters have been seen by many engineers as key components in reducing the capital and operational costs of oil and gas production facilities. The development has been targeted essentially at improving well testing -replace a large and expensive test separator by a compact cheap multiphase meter with equivalent perfonnance and you have obvious savings. For subsea applications the savings are even larger -subsea mu1tiphase meters mounted at the wellheads save long test lines. Yet despite the potential benefits oil companies are only slowly deploying multiphase meters. Indeed, with the recent fall in oil price and the subsequent cut-backs, there has been a large reduction in funds for development of multiphase meters.
I have argued that the greatest savings from using multiphase meters will come when their perfonnance is sufficiently good for them to be used for third-party allocation and when they are deployed subsea. This is especially true for a highcost production area such as the North Sea. One can then run multiphase pipelines from subsea satellites to the most convenient host facility where the hydrocarbons can be processed in common separation facilities. Thus one avoids the problem of juggling the production to the separators available to allow reasonably accurate allocation.
I do not think it is exaggerated to say that without high-perfonnance multiphase metering it will simply not be economically worthwhile for oil companies to develop the small accumulations of hydrocarbons left in the North Sea. Of course they could agree to exchange or sell acreage, or agree to lower-quality metering and get around the problem, but this has not been popular to date. Knowing what one is doing is crucial for the successful exploitation of marginal fields. Cost-effective measurements are not 'nice to have'; they are essential to minimise the hassle inherent in taking on these developments, and in optimising the production.
How realistic is my claim that highperfonnance multiphase metering is not only practicable, but can be achieved in reasonable time-scales, say 5-10 years? In some special cases, such as wet-gas metering, we have already achieved that kind of perfonnance. In several cases where we have operated multiphase meters in series with test or production separator metering, the multiphase meters have shown that the separator metering is mostly not as good as we would like to believe. The logic is simple: if you are happy with traditional separator metering, you should also be prepared to be happy with the multiphase metering. Laboratory tests show that there are clear ways to improve the meters' perfonnances, but also show up deficiencies in the test facilities.
It is easy to bemoan the fact that mu1tiphase meters, after some twenty years of development, are not yet widely in use. On the contrary, it is a great tribute to all involved that we have meters that can be deployed, can already compete with traditional metering systems and have brought savings to the industry that easily exceed the total cost ofdevelopment to date. I see no good technical reasons why the perfonnance of multiphase meters should not improve to near fiscal quality.
Multiphase metering presently offers a wide range of choices for field development or upgrading facilities, but these are poorly tested and cannot be proved except on operating facilities. In its cur-rent approach to reducing costs, the industly would like to have the benefits but is unwilling to invest the money to ensure satisfactory implementation. The oil and gas producers appear to hope that multiphase metering has become sufficiently mature so that only indirect support is needed.
This paper discusses how to approach multiphase metering applications; the needs for multiphase metering; application areas with the emphasis on high perfonnance; difficulties of implementation; and the future of multiphase metering, with the emphasis on high perfonnance.
Multiphase fluids
Many ofthe measurements required in oil and gas production have traditionally been treated separately, and mostly without regard to the interactions with other parts of the production process. The development of multiphase technologies to transport and meter unseparated hydrocarbon streams allows and indeed forces one to take a more integrated view of the whole production process. Furthennore, multiphase meters when deployed have confinned the shortcomings long suspected in conventional measurements using test and production separators.
The 'Multiphase Composition
Triangle' (Figure I) can be used to indicate conditions under which any measurement in the oil and gas production processes is made. We find single-phase oil, water and gas at the vertices; twophase fluids, oil/gas, water/gas and oil/water along the sides; and the vast range of three-phase fluids in the interior. Also shown is a transition region, where the liquid part of the multiphase mixture may be eitherwater-in-oil or oilin-water, making measurements difficult but not all are suitable to lead to highperformance multiphase meters.
Tracers
Multiphase flow is measured by injecting at known rates tracers (e.g. fluorescent dyes) that mix with the individual phases. By analysing a sample of the multiphase fluid taken sufficiently far downstream of the irljection point, and combining this with the injection rate, the individual flows can be determined. Currently tracers are only available for oil and water. The technique is particu-
Phase fraction and velocity measurement
These meters attempt to identifY the fractions ofoil, water and gas and measure the phase velocities, which are not usually the same. In practice manufacturers try to condition the flow so that the phase velocities are similar, and the differences in velocity are corrected using multiphase and slip models. Most multiphase meters deployed in the North Sea are of this type. The typical cost is £ I00-200k surface, and £200-400k subsea. I believe that some of these can be developed into high-performance meters. However, most multiphase fluid models in these systems use quite long averages of the measured parameters. Multiphase flow is a complex, turbulent, highly nonlinear process. In my opinion, attempts to measure it based on fluid models using averages ofparameters over much longer times than those of the flow fluctuations cannot give high accuracy.
Compact separation systems
These devices roughly separate the well flow into liquid and gas streams, which are then metered using meters that can tolerate small amounts of the other phase. The liquid must be further split into oil and water. These systems typically cost £] 00-200k and are being applied world-wide, but are bulky and do not provide the full benefits of multiphase metering. I do not think they can be developed much beyond well testing capability. To achieve high performance the gas-tolerant liquid meters and liquidtolerant gas meters must be high-performance multiphase meters in their own right, and I would then expect the cost of the system to be prohibitive.
The outcome of world-wide work over the last twenty years, at a cost of about £70 million, is that there are several commercial multiphase meters available, and a variety of approaches under development. These meters give the gas, oil and water volume flow-rates at line conditions. (Presently there is a strong preference for volume rather than mass flow-rates, but this may change.) In principle these measurements are obtainable from a test separator, the oldest type of multiphase meter. Today four general approaches to multiphase metering are being actively developed and applied in the field. I believe that any multiphase meter can be fitted with little difficulty into one of these four categories or a combination,
Overview of multiphase metering
Obviously, the higher the meter performance demanded, the better the test facilities need to be. When enough applications have been examined we should be able to see generalities, but for the next few years at least each will need to be treated on its own merits. The Multiphase Composition Triangle is therefore a useful tool for indicating where we have inadequate measurements and where we should direct our attention in developing new instruments.
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We can now see that any oil and gas production process takes a particular multiphase mixture and performs a sufficiently good separation into marketable oil and gas streams and a waste water stream. How well these streams approximate to single-phase flow depends on the process and how it reflects the oil and gas specification in supply contracts and environmental constraints for the waste water stream.
It is easy to use the triangle to show why multiphase metering is complex. If we have difficulty with the single phases, which are so obviously different from each other, we can expect measurement to be at least as difficult for any multiphase composition in the triangle. We have to add to that the complexity from the flow regimes. Flow regime maps have been determined by subjective observation in laboratory test-loops, almost always for two-phase mixtures. These maps vary for temperature, pressure, viscosity and pipe orientation. There have been only a few attempts to make three-phase flow regime maps, and these are very complex.
This means that it is not practical to predict the performance of multiphase meters from first principles and that detailed empirical testing will be needed. larly suited for wet gas measurement where the liquid-to-gas ratio varies slowly with time. Costs are closely related to work and equipment hire rates, say £ 1500 per day. I would like to believe that tracer techniques can be developed to calibrate or verifY multiphase meters in situ. However, the conventional tracer technique applied to fluctuating flows gives inaccurate results. Sampling times need to be shorter than the flow fluctuations. Nevertheless, one can choose the tracers and the means of detecting and measuring their concentration. Therefore it appears possible to develop practical high-performance tracer techniques.
Pattern recognition
These systems are characterised by their use of simple sensors combined with complex signal processing. I believe that they have the potential to offer the cheapest hardware and the highest metering performance. A major benefit will be targeting low-cost solutions for specific applications. Cost is more variable, but within the range £20-60k, depending on the number and type of sensors used. This is the least familiar and most mysterious approach to multiphase metering for most people. Yet the operator who puts his ear to a pipe to listen to the flow, or who feels the pipe temperature to judge whether there is a flow inside, is practising a crude measurement by pattern recognition. It is therefore worthwhile pointing out some of the general features that distinguish this from the other approaches to multiphase metering. As an example, the ESMER pattern recognition meter uses differential pressure, pressure, capacitance and conductance sensors to sense~25 500Hz fluctuations in the multiphase flow. The sensor signals in most metering applications are damped to reduce noise and give a good average value of the measured parameter. In the pattern recognition approach the fluctuations are what is important, and the average value may not be used at all. Amplitude and frequency fluctuations of the sensor signals are analysed and a large number of characteristic 'features' are calculated. Thus each sensor, instead of generating only one parameter, can generate perhaps thirty 'features'.
In principle we can write an equation for each 'feature' in terms of the unknown oil, water and gas flow-rates. So for the above meter, which has five sensors, we can write perhaps 150 independent simultaneous equations. Ideally one could hope to find a feature that responded only to oil, another to water and a third to gas. So far, however, practical methods have to be used to solve this ' complicated mathematical problem. In the above meter a feature saliency test is used to fmd the most significant features, and then neural networks to calculate the oil, water and gas flow-rates. Other mathematical techniques could have been used however. The essential point is that the fast fluctuations in multiphase flow carry most of the infonnation. By using heavily damped sensors the fine detail is lost and consequently such multiphase meters are unlikely to achieve high accuracies. Using fast sensors and pattern recognition signal processing, virtually unlimited accuracy should be possible, but one has the difficulty of providing highly accurate calibration data for the meter. I believe that 5% relative accuracy per phase will be practicable by 2005; and 1-2% (near fiscal quality) in certain applications by 2010.
The needs
Why do we really need multiphase meters? A responsible oil and gas producer will say that one needs to know sufficient of what is happening in producing wells to tell what is happening in the reservoir. This allows the producer to optimise production to satisfY day-today commercial constraints and longterm recovery from the reservoir. The producer is also interested in what goes on in the production process. Where several fields are processed on the same facility, the operator is required by coventurers to make adequate measurements to allocate the production and hence the revenue to the correct field. These needs have been satisfied to some extent by wellhead sampling, test and production separator metering, and by high-accuracy gas and oil export metering into extensive oil and gas pipeline systems. Such hardware systems and the associated allocation models have not been thought of as 'multiphase meters', but that is what they are. So the response is: "We don't really need muJtiphase meters, but we do need the information to run our facilities." Multiphase meters -essentially collections of sensors and algorithms, and deployed at judicious locations in the hydrocarbon producing processes -simply allow the measurements indicated above to be made in ways that allow the overall production process to be simplified. The more that can be done by the multiphase meter, the greater the simplification that can be made. However, operational expenditure budgets are usually worked out assuming that the savings have been made, so the budget holder views any extra expenditure as a direct cost and not as a (hopefully small) reduction in the savings. Unless the information provided is accepted as being at least as good as that obtained previously, the multiphase meter carmot be claimed to be giving any operational benefit.
How much hassle are we as oil companies prepared to accept from a multiphase meter? And how much effort are we willing to put in to make them work consistently well? In the current downturn, the answer is fairly clearly "Not a lot".
Thus we can summarise the needs for a multiphase meter as follows. It must provide high-quality information for a variety ofroutine operational tasks, from reservoir management to production allocation. It must do this whilst complying with existing ways of working. It should be easy to install, commission and operate. It should operate reliably and require virtually no maintenance.
There is obviously considerable conflict between the above and the present state of multiphase meters' development, particularly in terms of high performance. The main justification for applying multiphase meters is clearly in the value of the data they provide. Equally clearly, that value must be significantly greater than the cost ofproviding the data. In evaluating a multiphase meter's benefits, we have focused on the capital expenditure savings, but these are of secondary importance. However, I have found it virtually impossible to get figures that are accepted for the value of being able to make any measurements in the oil and gas production processes, not just those by multiphase meters. It is increasingly important to be able to show what the real benefits are from new technology. So we must try harder to estimate the data's real value. It may then be easier to get approval for the development of high-performance multiphase meters. On the other hand, if no one is prepared to put a value on the information, there would appear to be no real need for the technology and we should stop pretending that there is.
Applications
Let us now return to the Multiphase Composition Triangle and consider some multiphase metering applications in different regions. This will show how we can build on experience from one application to tackle a more difficult one, and why it is wise not to install a multiphase meter in too difficult an application.
Applications 1-3 illustrate the progression of wet-gas metering from I% to about 10% liquid, or 90% Gas Volume Fraction (GVF). Compact separators are also practical in high-GVF applications, albeit not in Shell Expro's circumstances. Moreover, the phase fraction and velocity measurement approach, originally targeted at 50-60% GVF, has been extended to over 90% in special circumstances. So it is now best to treat wet-gas metering simply as an important subset of multiphase metering.
Application 4 will have natural drive throughout its life, so the reservoir engineers expect hardly any water. For such an application we only have to measure two-phase flow, and be able to detect any water breakthrough.
Application 5 is unusual in that it is to measure the water/gas mixture produced in depressurising a reservoir. The accuracy required for this two-phase measurement is about 10%, but equipment must be of low cost.
Applications 6 and 8 are satellite fields with water injection, tied back to a production installation. The trajectories followed by these wells across the triangle show how the small reservoirs being developed in the North Sea decline rapidly to water. This type of application is the most common in Expro for multiphase meters -and the most difficult, as the metering must cope with a wide range of both individual phase flow-76 Measurement + Control, Volume 33, April 2000 rates and watercuts.
Application 7 is on an old field with no test separator, and well testing had to be done by deferring about £800,000 worth ofproduction each year. If one can reduce this deferment, clearly it will help in delaying abandonment.
Two other fairly general areas of application are also included on the triangle. Firstly, in Oman there are many low-pressure wells with no gas at wellhead conditions, so they are two-phase oil-water mixtures. These are tested using Coriolis meters, with the density measurement used to determine the oil and water flow-rates.
Secondly, well engineers are considering downhole multiphase metering, especially for multilateral wells where a meter is needed in each branch. The main advantage in metering downhole is to suppress the gas fraction and reduce the measurement to an oiVwater measurement. I would expect the GVF to be low for this area ofapplication, and the meters designed accordingly. Downhole meters are practical for many wells, but to develop and prove them will take even longer than surface and subsea multiphase meters. Flowmeters installed with the tubing are unlikely to be acceptable for critical metering applications because of the difficulty of retrieving them for repair. It will be difficult to design satisfactory wireline retrievable flow elements. Any kind of high-performance downhole flowmeter will require locally mounted, fairly complex signal processing electronics operating at high temperatures.
Clearly these application areas are significantly different. Thus each has to be treated on its own merits. In Shell Expro, and I believe for the North Sea, the bulk of applications demand high-performance metering. One approach would be to prove equipment on lower performance applications first, and then apply it to more difficult applications. This would require a clear strategy for developing fields that could absorb the long periods ofwaiting to establish techniques before starting the next project. Unfortunately, when Expro's small prospects were being developed, they were all fast-track and super-fast-track projects, with little time for developing multiphase meters specifically for the applications. If and when prospect devel-opment starts again, it is most unlikely to be done in a leisurely way. Many will remain uneconomic without appropriate multiphase metering solutions.
Implementation -the difficulties
In my experience, implementing new measurement techniques successfully in the oil and gas industry is fraught with practical difficulty. Let us assume that a good idea has been successfully turned into a working prototype instrument, having taken several years and an investment of some £250,000. Let us fiuther assume active interest by an oil company and an equipment manufacturer so that the prototype is compatible with oilfield installation requirements. Nevertheless, a field evaluation ofa new insttument will probably cost more than the whole development to date, and over a year to orgaruse.
If a field evaluation is to give useful data, the staff on the installation concerned must be able to see a direct benefit if the evaluation is successful. In these days ofrllinimal manning, if there is no direct benefit to the people supporting the evaluation, they are unlikely to devote adequate time, especially when things go wrong. And due to minimal manning it is almost essential to provide means of getting the data onshore so that the evaluation can be monitored remotely.
After satisfactory field evaluation, one is faced by the difficulties of turning working prototypes into commercial instruments. In the case of multiphase meters, considerable feedback from instruments operating in the field is required to confum that the instrument performs correctly. Field conditions are quite different to those simulated in a test loop. It is often stated that operating platforms are not places on which to conduct R&D projects. However, to gain the benefits that better measurements can bring, one cannot exclude operating facilities from the R&D process.
If successful conclusions are to be reached, groups of people -acaderllics, industrial researchers, representatives from govemment departments, manufacturers, engineers and operators from oil comparues and their contractors -must somehow form extended teams for about ten years. It is surprising how effective such teams can be at getting things done. It is at the implementation stage, however, when large amounts of money must be spent that these extended teams are most likely to break up. If there is no longer a clear need expressed by a keen prospective user and that user's active involvement, there is virtually no incentive to continue. Development then languishes until another potential user expresses enthusiasm.
The future of multiphase metering
We in the countries around the North Sea like to think we are leading the development of multiphase meters. We have set challenging targets for their performance, but it is evident that the North Sea market is not big enough for manufacturers on their own to develop, say, multiphase meters for third party allocation. For Shell Expro, if the performance of multiphase meters stops at 'well testing' standard, we will not require many multiphase meters topside or subsea -but neither will we get their benefits. North Sea operators clearly have a major challenge to improve multiphase meter performance significantly over, say, a five-year period.
There is little appreciation of the time needed to develop and test multiphase meters. About two years ago, in an upbeat presentation to colleagues working on new developments, I told them that we could reasonably expect to develop multiphase meters for third party allocation by 2005. Their response was that they already needed that quality of performance for existing projects and could not wait that long.
From the testing we and other companies have done on multiphase meters offshore, I believe that it is impractical to verify such performance to high standards except in very exceptional circumstances. Valves on test separators or on production manifolds frequently pass sufficiently to make detailed verifications impossible. It is often difficult to maintain stable operation of separators to allow detailed comparison.
Without exception, however, the multiphase meters have shown up defi-ciencies in traditional separator measurements. From evaluations carried out it is fair to say that several multiphase meters perform as well as traditional test separators. Going further, one can ask: under what conditions can production separator metering realistically achieve the high accuracies called for in third party allocation agreements?
If high-performance multiphase meters are to perform a significant role for small North Sea prospects, highquality test facilities are required to accurately simulate operational conditions. Some existing test facilities could possibly be upgraded to fulfil such a role. The value of the data from multiphase meters must therefore be perceived to justify the cost of these facilities and of running them. It would fall to oil companies to meet such costs, as they would stand to gain the largest share of the benefits.
Multiphase meter development began some twenty years ago with the conviction that these devices could simplify oil field development and reduce operational costs. Today, after an expenditure of some £70 million, that conviction has been more than justified by the savings already made. However, although it is still as clear that multiphase meters can bring large savings, there does not appear to be the same conviction to make the technology work. It will require sustained, consistent effort for many years. In highcost areas, such as the North Sea, simple satellites producing to third party processing facilities are key to reducing costs. Higher-performance multiphase meters are then essential to provide good enough data to manage the resulting complex allocation systems.
Conclusions
o Multiphase metering is at the development stage where oil companies can obtain large benefits in reducing facility costs and optimising production. Existing multiphase meters, or any likely to be developed, can be fitted into one or a combination of the four approaches currently used. These approaches offer different levels of technical complexity and require different levels of understanding.
Operating companies can therefore choose a system to suit their specific needs.
o Enough development and testing has now been done to show that high-performance multiphase meters for third party allocation and near-fiscal measurement are practical, and that their realisation need not be too far off. In this respect the pattern recognition approach is most relevant. o The potential world market for multiphase metering systems is very large. No single type of meter or approach can hope to cover all applications. There is clearly room for several suppliers.
o Multiphase metering systems are most certainly not 'fit and forget' equipment at present. They should only be deployed where there are clear financial benefits and real commitment to making them work.
o Widespread implementation of multiphase metering cannot take place until the expertise is spread more widely throughout the oil industry. Specialists in oil companies, developers and manufacturers hold most of this expertise; whilst metering consultants and facility design houses are slowly beginning to build their's. o The North Sea market situation is different to that elsewhere. The technical requirements for most likely applications are really beyond the capabilities of the products that manufacturers can reasonably supply at present. On its own, the North Sea market is unlikely to bring sufficient return on investment for manufacturers to develop the higher-performance meters required there. o If North Sea operating companies wish to gain the very large benefits of multiphase metering, they will have to provide the financial backing necessary for the development of higher-performance meters.
